Abstract The present work describes a novel approach for the determination of dopamine (DA) using carbon paste electrodes modified with sulfated β-cyclodextrin (S-β-CDCPE). The electrodes show high affinity towards DA electrochemical oxidation. DA returned a concentration detection range 5 × 10 −7 M to 5 × 10 −4 M and a detection limit of 
Introduction
Dopamine (DA) plays a very important role in the functioning of the central nervous system, with fluctuations in levels of DA in the cerebrospinal fluid linked to a variety of neurological and psychiatric disorders such as Parkinson's disease, schizophrenia, and Alzheimer's disease [1] [2] [3] [4] . There is a continued and pressing interest in the development of simple and sensitive methods for the in vitro and in vivo quantification of DA. Electrochemical methods have been considered in several publications for the measurement of DA concentration in biological samples [5, 6] . The issue associated with electrochemical determination of DA at common solid electrodes is the presence of a myriad of other electron active species, such as serotonin (5-HT) and ascorbic acid (AA), which populate the cerebrospinal fluid. AA is the main electroactive interferent and usually coexists with DA in extracellular fluid in high concentrations, approximately 10 3 times higher than that of DA [7] [8] [9] [10] . Moreover, DA and AA are oxidized at similar potentials at unmodified electrodes, which results in an overlapped voltammetric response. The electrochemical discrimination of DA from AA at unmodified electrodes using conventional electrochemical methods is difficult. Several works in the literature describe the development of new methodologies that employ modified electrodes for the selective detection of DA in the presence of AA [2, 11] . The advantages of modified electrodes rely on their analytical applications, such as excellent sensitivity and selectivity, reproducibility, good stability and biocompatibility [12] .
There are a limited number of examples published using cyclodextrin and its derivatives for the electrochemical detection of DA. Recently, Palanisamy et al. [13] have used a screen-printed carbon electrode (SPCE) modified with β-cyclodextrinentrapped graphite (GR/β-CD) composite as an electrochemical sensor for the detection of DA. The sensor detects DA in the Electronic supplementary material The online version of this article (doi:10.1007/s12678-017-0402-x) contains supplementary material, which is available to authorized users. linear concentration range from 1 × 10 −5 M to 5.85 × 10 −5 M with a limit of detection of 1.1 × 10 −8 M. Chen et al. [14] reported the use of GNPs/CDSH-Fc/Nafion ® modified electrode for the selective detection of DA in the presence of AA. The sensor was fabricated by forming the inclusion complex between mono-6-thio-β-cyclodextrin (CD-SH) and ferrocene (Fc)-functionalized gold nanoparticle (GNP) films on a platinum electrode. A linear calibration curve was obtained over the DA concentration range 2 × 10 −6 M to 5 × 10 −5 M with a detection limit of 9 × 10 −8 M. Alarcon-Angeles et al. [15] utilized a combination of β-CD and multiwall carbon nanotubes (MWCNTs) drop-cast on a glassy carbon electrode. The detection of DA using amperometry was reported over the range 1 × 10 −5 M to 8 × 10 −5 M, with a limit of detection 6.7 × 10 −6 M.
Other cyclodextrin sensors, based on sulfated cyclodextrin (as a modifier), for the electrochemical detection of DA have also been reported. Polypyrrole-sulfated cyclodextrin-modified glassy carbon electrodes [16] enabled the selective oxidation of DA in the presence of AA. The limit of detection was measured as 3.2 × 10 −6 M for DA. Poly(3,4-ethylene dioxythiophene)/sulfated β-cyclodextrin (PEDOT/S-β-CD)-modified gold electrodes [17] have been employed for the simultaneous detection of AA and DA in spiked human urine samples, with a limit of detection 1.8 × 10 −7 M reported for DA. In all cases mentioned above, the performance characteristics of the electrochemical oxidation of DA (compared to the unmodified electrode) require the combination of cyclodextrin or derivatives with one or more dopants/modifiers. Moreover, it is reported [16] that AA does not exchange electrons with a polypyrrole-sulfated cyclodextrin electrode surface owing to the electrostatic repulsion between AA and S-β-CD. Therefore, in a solution mixture of AA and DA, the oxidation signal of DA is solely detected. The present research work is aimed at designing a simple and reliable method based on a cyclodextrin derivative as the sole modifier for the electrochemical detection of DA, in the presence of AA and 5-HT. In this body of work, carbon paste electrodes (CPEs) modified with S-β-CD were fabricated and applied successfully for the simultaneous electrochemical detection of DA, AA, and 5-HT in phosphate buffer (PB) and aCSF. The three analytes were shown to be electrostatically attracted to the modified electrode surface through an enhancement of their respective anodic peak currents. The proposed sensor was miniaturized and could be exploited for the in vivo DA measurement.
Experimental
Chemicals DA hydrochloride, ascorbic acid (AA), serotonin (5-HT) hydrochloride, neutral β-cyclodextrin, sulfated β-cyclodextrin sodium salt (S-β-CD), and graphite powder (<20 μm) were purchased from Sigma-Aldrich and used as received. All other chemicals were of analytical reagent grade and were used without further purification. The main structural features of S-β-CD consist of a hydrophobic cavity and randomly distributed sulfated group on the CD rims. It is estimated by SigmaAldrich that the degree of sulfation per molecule of cyclodextrin ranges between 7 and 11 sulfate groups (see supplementary material Scheme S1). Ferrocene β-CD was synthesized following the method described in the literature [18] . Successful synthesis of the ferrocene β-CD complex was achieved as demonstrated by IR characterization (see supplementary materials Fig. S1 and Table S1 ). The electrochemical electrolytes were prepared using Millipore ® deionized water. In general, for electrochemical analysis, 0.1 M PB solution was used as the supporting electrolyte. PB was made of K 2 HPO 4 and KH 2 PO 4 to maintain a pH of 6.8. aCSF used to simulate the salt concentrations in the brain, consisted of NaCl (1.5 × 10
and MgCl 2 (2.1 × 10 −2 M). All DA, AA, and 5-HT containing solutions were deaerated by purging with nitrogen for 15 min and freshly prepared prior to each experiment. The solutions were also protected from light for the duration of the experiments. All experiments were carried out at room temperature (23 ± 2°C).
Apparatus
Cyclic voltammetry (CV) studies were accomplished using a Solartron potentiostat (model SI 1285A). Differential pulse voltammetry (DPV) was performed using a Chi440 potentiostat (Model 400). The three electrode system consists mainly of unmodified CPE or S-β-CDCPE working electrode (internal diameter = 1.6 mm), a saturated calomel reference electrode (SCE), and a platinum wire counter electrode for experiments performed using macroelectrodes. In the case of the microelectrodes, a silver-silver chloride, Ag/AgCl (internal diameter = 220 μm) and silver (internal diameter = 200 μm) wires served as reference electrode and counter electrode, respectively; while unmodified CPE or S-β-CDCPE (internal diameter = 200 μm) was employed as working electrodes. Arrows are displayed on each voltammogram to show the initial direction of the electrochemical sweep.
Fabrication of Composite Carbon Paste Electrodes

Macroelectrode
The modified carbon paste electrode was prepared by thoroughly hand-mixing the desired amount of S-β-CD and silicon oil with 0.71 g graphite powder in an agate mortar for approximately 30 min to yield a homogeneous S-β-CD modified carbon paste. To facilitate the homogeneity of the paste, both dry powders (graphite and sulfated β-cyclodextrin) were pre-mixed within a vial before grinding. The resulting composite material was then packed into one end of a Teflon tube (1.6-mm inner diameter), and electrical contact was made by insertion of a 1-mm-diameter copper rod at the other end. The Teflon holder was packed in small portions, each layer being compressed before adding the next. The electrode was polished on a piece of filter paper resulting in a smooth surface. The freshly made S-β-CDCPE was left to stand for 2 h to allow final homogenization. Fabrication of others sensors, neutral β-cyclodextrin-modified CPE (β-CDCPE) and ferrocene β-cyclodextrin complex-modified CPE (Fc-β-CDCPE), followed the same procedure. The unmodified CPE was also fabricated using the same process without addition of a modifying agent.
Microelectrode
The microelectrodes were prepared by using 5 cm lengths of a Teflon-insulated silver wire (200 μm bare diameter, 270 μm coated diameter (8T), Advent Research Material, Suffolk, UK). Wire with the size of 3 mm was exposed by removing the Teflon from one end of the wire and the Teflon was carefully pushed up the wire to create a 2-mm cavity. The cavity was then packed with carbon composites. The 3 mm of exposed wire was soldered into a gold clip for electrical conductivity and rigidity [19] . It is worth noting that the S-β-CD carbon composite was prepared as explained previously, by thoroughly hand-mixing the desired amount of S-β-CD with 0.71 g graphite powder and 200 μL silicon oil in an agate mortar for 30 min. To differentiate between the standard electrode (macroscale) and the microelectrode, the latter is denoted as mS-β-CDCPE.
Results and Discussion
DA Electrochemical Redox Process at S-β-CDCPE
The S-β-CDCPE (prepared with an optimal amount of S-β-CD, 0.545 g) exhibited excellent electroanalytical response towards the oxidation of DA as demonstrated by comparison to the unmodified CPE. A typical cyclic voltammogram of 5 × 10 −5 M DA in a 0.1 M PB (pH 6.8) at an unmodified CPE is shown in Fig. 1 (trace a) . The voltammogram is characterized by the appearance of distinct anodic peak (0.225 V vs. SCE) and cathodic peak (0.092 V vs. SCE), with a peak potential separation, ΔE p , of 0.133 V and the redox peak currents (I pa /I pc ) ratio of 1.20. The oxidation and reduction peak currents were found to be 2.25 × 10 −7 A and 1.88 × 10 −7 A, respectively. Under identical conditions, the S-β-CDCPE produces a remarkable increase in the magnitude of DA peak currents, with a near 10-fold peak current enhancement, at S-β-CDCPE, compared to the unmodified CPE ( Fig. 1 , trace b). The oxidation and reduction peak currents were 2.44 × 10 −6 A and 2.45 × 10 −6 A, respectively, yielding an I pa /I pc ratio of unity. These results strongly indicate that the presence of S-β-CD improved the sensitivity of the carbon paste towards the electrochemical detection of DA. In addition, the oxidation and reduction peak potentials occur at 0.172 and 0.153 V (vs. SCE), respectively, giving a peak potential separation (ΔE p ) of 0.019 V, which is smaller than the predicted ΔE p for a diffusion-controlled reversible reaction (ΔE p = 0.03 V for DA electro-oxidation).
Mechanism of Electrochemical Oxidation of DA at S-β-CDCPE
To elucidate the mechanism of DA oxidation at S-β-CDCPE, a relatively wide electrochemical window ( The first step of DA oxidation involves a two-electron transfer to generate dopaminoquinone (DOQ). DOQ undergoes a cyclization process, through 1,4-Michael addition [20] [21] [22] , leading to the formation of leucodopaminechrome (LC). Since the pK a of DA is 8.9 [23, 24] , below the pH value of 8.9, the protonated form of DA is predominant in solution, suggesting a poor nucleophilicity of the DA amino group for the 1,4-Michael addition reaction. However, in a solution of pH 6.8, the amount of unprotonated DOQ is sufficient for the cyclization reaction to occur. Therefore, the electroactive product, LC, is reversibly oxidized to dopaminechrome (DC) which manifests as a small redox couple. A similar result at a glassy carbon-modified electrode was obtained experimentally [25] . From Fig. 2 , the pair of redox peaks observed at the positive potentials (DA/DOQ) corresponds to the first electrochemical step, whereas the pair of redox peaks observed at the negative potentials (LC/DC) describes the second electrochemical step. The cyclization of DOQ, sandwiched between the two electrochemical steps, is a homogeneous reaction [26, 27] . Thus, the oxidation of DA at S-β-CDCPE can be classified an ECE mechanism, where E and C denote the electrochemical and chemical steps, respectively. Moreover, the oxidation of LC to DC, observed only after the first cycle (see supplementary material Fig. S2 ), generates further support that the electrochemical redox processes of DA at S-β-CDCPE follows an ECE mechanism.
Although, a detailed mechanism for the electrochemical oxidation of DA was described above, DA detection is often simplified by using a potential window that limits the redox region to that of the DA/DOQ redox couple-as was employed in this body of work.
The Effect of the Concentration of S-β-CD on the Electrochemistry of DA
The effect of the amount of S-β-CD in the modified CPE on DA oxidation peak current was investigated using cyclic voltammetry. In this study, a number of S-β-CDCPEs were prepared with different ratios of S-β-CD/graphite/silicone oil. Typically, the S-β-CD was varied from 0.145 to 0.895 g in increments of 0.050 g. The cyclic voltammetry experiments were carried out in triplicate, and the average value of the DA oxidation peak current was recorded. The oxidation peak current of DA increased remarkably by increasing the amount of S-β-CD from 0.145 to 0.495 g as shown in Fig. 3 . An apparent steady-state current response for DA oxidation was obtained at electrodes with S-β-CD in quantities greater than 0.495 up to 0.695 g. However, the oxidation peak currents of DA decreased greatly when the amount of S-β-CD exceeded 0.695 g. These experimental results suggest that an amount of S-β-CD, lower than 0.495 g, is not sufficient to favor optimum peak currents for DA oxidation, and amounts higher than 0.695 g can inhibit the electrical conductivity of carbon paste. The range from 0.495 to 0.695 g was considered the optimal amount of S-β-CD for the electrochemical detection of DA. Consequently, 0.545 g was chosen as the mass of S-β-CD required to generate composite CPE with optimal sensitivity toward DA oxidation.
Evidence of the Interaction of S-β-CD with DA
Effect of Scan Rate on the Peak Current of DA at S-β-CDCPE
The effect of scan rate on the peak current of a 5 × 10 −5 M DA solution at S-β-CDCPE was investigated using cyclic voltammetry. It was found that the anodic peak current of DA , with a correlation coefficient of 0.9943 (Fig. 4b) .
Furthermore, to demonstrate the adsorption ability of S-β-CDCPE, a pre-concentration experiment was performed by immersing unmodified CPE and S-β-CDCPE separately in 5 × 10 −5 M DA solutions for 5 min. After rinsing both electrodes with distilled water, cyclic voltammograms were recorded in a fresh DA-free PB solution. DA oxidation signals were not observed at unmodified CPE, while DA redox peaks were clearly obtained at S-β-CDCPE (see supplementary material Fig. S3 ). This result demonstrates that DA is significantly adsorbed onto the surface of the modified electrode due to the presence of S-β-CD. It should be noted that with successive cycling of the S-β-CDCPE in buffer, a reduction and subsequent disappearance of the DA redox peaks was observed.
Effect of Scan Rate on the Peak Current of DA at Neutral β-CDCPE
In order to verify the ability of the cyclodextrin cavity to influence the electron transfer processes at the electrode surface, and to clarify the extent of the electrostatic interactions between the sulfate groups and protonated DA, S-β-CD was replaced with neutral β-cyclodextrin (β-CD). The influence of scan rate on the voltammetric response to DA oxidation , with a correlation coefficient of 0.9898. This result suggests that the electron transfer process for DA oxidation is similar to that observed at S-β-CDCPE. On the other hand, the electrochemical process at the unmodified CPE was observed to be mainly diffusion-controlled (see supplementary material Fig. S5 ). The plot of the logarithm of oxidation peak currents against the logarithm of scan rate at unmodified CPE shows a linear relationship with a corresponding equation Log I = 0.5062 Log v − 7.4085 (R 2 = 0.9831). The slope is comprised in the range from 0.5 to 1 and indicates that the electron transfer at the unmodified CPE is predominantly under a diffusion process according to Laviron [28] .
Although the oxidation peak currents of DA obtained at neutral β-CDCPE (at the scan rates studied) are higher than those recorded at the unmodified CPE under identical conditions, neutral β-CDCPE exhibits much smaller DA oxidation peak currents when compared to S-β-CDCPE. These results also indicate that the negative charges on cyclodextrin play an important role in initial long-range DA interaction, while the mode of interaction between neutral β-CDCPE and DA is based solely on host-guest inclusion, the main driving force for complex formation being hydrophobic interaction. It must be pointed out that the primary and secondary rims of β-CD are exclusively populated with −OH group. Hemmateenejad et al. [29] and Goa et al. [30] studied the inclusion complex formed between DA and n eutral β -C D us in g a chronoamperometric and cyclic voltammetry techniques, respectively. The authors found that the inclusion complex has a 1:1 stoichiometry. These early works support the evidence of the formation of an inclusion complex between neutral CD and DA obtained in this body of work.
Effect of Scan Rate on the Peak Current of DA at Fc-β-CDCPE
To further support the premise that the enhanced peak currents for DA oxidation obtain at the composite electrode are attributed to the host-guest inclusion properties of the cyclodextrin cavity, a ferrocene β-CD inclusion complex (Fc-β-CD) was synthesized and used as the electrode modifier. To generate this inclusion complex, ferrocene was incorporated into the β-CD cavity. The rationale behind the blockage of the β-CD cavity is to inhibit the host-guest interaction of neutral β-CD with DA. The increase in potential scan rate at Fc-β-CDCPE led to a corresponding increase in peak current, and a shift to more anodic values, for the oxidation of DA (see supplementary materials . Therefore, compared to neutral β-CDCPE, which exhibits an adsorption-controlled process for the oxidation of DA, Fc-β-CDCPE follows a diffusion-controlled process. This change in electrochemical system demonstrates that ferrocene blocks the access of DA to be included into the cyclodextrin cavity. Thus, the oxidation of DA is only possible when DA molecules, approaching the surface of the modified electrode, are oxidized through the catalytic effect of the ferrocene moiety. The resulting oxidative peak currents rely on the reaction between ferrocenium ion and DA [31] . An enhanced current response was observed at Fc-β-CDCPE compared to the unmodified CPE (see supplementary materials Fig. S7) . Moreover, the peak separation for the DA redox process at Fc-β-CDCPE (ΔE p = 0.110 V) was smaller than that at the unmodified CPE (ΔE p = 0.280 V). Therefore, the role of the modifier is not only to intensify the peak current but also to decrease the overpotential for DA oxidation. Consequently, reversibility of DA is enhanced using Fc-β-CD.
Mode of DA Electrochemical Sensing at S-β-CDCPE
The mode of sensing of S-β-CDCPE was considered from two perspectives. Firstly, the pre-concentration experiment referred to previously indicates that DA interacts with S-β-CD at the electrode/solution interface. A strong electrostatic attraction of the electronegative sulfate groups with the positively charged DA molecule are more likely to occur at pH 6.8. Secondly, the electrostatic interaction may help to facilitate the inclusion of protonated DA in the cavity of cyclodextrin, thus, enhancing the rate of electron transfer at the electrode surface. Previous studies based on nuclear magnetic resonance (NMR) have shown that DA forms a 1:1 inclusion complex in solution with S-β-CD [32] . Therefore, the formation of an inclusion complex between S-β-CD and DA, where the aromatic ring of DA is inserted into the S-β-CD cavity, may justify the remarkable increase in DA oxidation peak current observed at S-β-CDCPE. The effect of S-β-CD on the peak intensity was also examined using the more sensitive technique differential pulse voltammetry (DPV) (see supplementary materials Fig. S8 ). Similar to the cyclic voltammetry, DPV shows a 10-fold increase in DA oxidation peak currents at S-β-CDCPE and provides strong evidence that the presence of S-β-CD greatly improves the sensitivity of the carbon paste towards the electrochemical detection of DA.
pH Effect on DA Redox Process
The effect of pH on the electrode response was studied over the range pH 4 to 9. Fig. 5a illustrates typical cyclic voltammograms of 5 × 10 −5 M DA at different pH solutions. It was found that DA redox peak currents increase with an increase in pH up to 6.8. Thereafter, the redox peak currents decreased at pH values greater than 6.8. The peak potential was found to shift cathodically with increasing pH, indicating that the number of electrons and protons is the same throughout the electrochemical oxidation process of DA [15, 33] . As shown in Fig. 6 (trace a). The oxidation of the two species results in an overlapping voltammetric response, demonstrating that DA cannot be accurately detected. In addition, the oxidized DA product, DOQ, can be homogeneously catalytically reduced to DA by AA [2, 35, 36] resulting in in situ generation of DA at the electrode surface, available for oxidation. These observations clearly indicate that the presence of AA is detrimental to the determination of DA at unmodified CPEs. Under identical experimental conditions, typical cyclic voltammograms obtained at S-β-CDCPE in a solution mixture of AA and DA exhibits two distinct oxidation peaks for both analytes as illustrated in Fig. 6 (trace b). The (broad) oxidation peak for AA is visible at ca. 0.014 V, while the DA oxidation peak is observed at 0.161 V vs. SCE. So, compared to unmodified CPE, S-β-CDCPE resolved the voltammetric response of AA and DA into two distinct oxidation peaks. The separation between the oxidation peak potential of AA and DA (0.147 V vs. SCE) is large enough for the simultaneous determination of DA and AA at S-β-CDCPE. In order to understand the electron transfer processes of DA and AA oxidation in a solution mixture at the S-β-CDCPE, the effect of scan rate on the oxidation peak potential and peak currents was studied, with resultant typical cyclic voltammetric curves shown in Fig. 7a . When the scan rate is increased, the oxidation peak potential for AA shifts to more anodic values, while that of DA remains constant. The anodic shift of AA oxidation peak potentials with increasing scan rate may indicate a slow kinetics of the interfacial electron transfer of AA. However, the oxidation peak current of AA is proportional to the scan rate over the range of 10 to 80 mV/s, as illustrated in S9 ). Thus, the oxidation of AA in the solution mixture at S-β-CDCPE is under an adsorption-controlled process over the scan rate range studied. This experimental result was unexpected due to the charge carried by AA and S-β-CD at pH 6.8. AA (pK a = 4.10) exists mostly in anionic form at pH 6.8. The modified electrode is also negatively charged at the studied pH due to the sulfate groups present on the rim(s) of cyclodextrin. Therefore, in theory, the sulfate groups are expected to inhibit the approach of AA anions to the electrode surface, which may result in an apparent diffusion process. However, the mechanism diagnosis of AA at S-β-CDCPE (adsorption-controlled process) strongly suggests that some amount of AA may reach the electrode surface, overcoming the repulsion. At the electrode/solution interface, AA is oxidized easily, probably facilitated through hydrogen bonding. It is also important to recall that S-β-CDCPE is made of , recorded at S-β-CDCPE at a scan rate of 50 mV/s; b the corresponding plot of anodic peak potential (E pa ) as a function of pH cyclodextrin containing from 7 to 11 sulfate groups per molecule. A repulsive force may occur between the negatively charged sulfates. Thus, hydrogen bonding between AA and several hydroxyl groups at the inner and/or outer rims of S-β-CD is facilitated. Another important observation from Fig. 7a is the AA peak shape. At fast scan rate, the oxidation of AA occurs as a plateau current. However, at slow scan rate, the response of AA oxidation exhibits a clear peak shape which indicates that AA molecules have sufficient time to interact with S-β-CD. Furthermore, the influence of the concentration of S-β-CD on the redox process of AA shows that the oxidation peak current of AA increases as the amount of S-β-CD (within the carbon paste) is increased (see supplementary material Fig. S10 ). Interestingly, the corresponding peak potentials shift cathodically with an increase of S-β-CD, which suggests that AA electron transfer is more facile in the presence of S-β-CD. On the other hand, the anodic peak current of DA in the solution mixture at the modified electrode also increased linearly with the scan rate, confirming that DA is adsorbed at the surface of S-β-CDCPE. It was demonstrated previously that S-β-CDCPE exhibits an enhanced activity towards the detection of DA, when compared to unmodified CPE. Therefore, the response of various concentrations of DA at the modified electrodes was studied. Firstly, different DA concentrations were investigated at the macroscale modified electrode (S-β-CDCPE). The concentration of DA was varied from 5 × 10 −6 M to 1 × 10 −3 M, using cyclic voltammetry. It is clear that the oxidation peak current of DA increases with increasing DA concentration as shown in Fig. 8a . A similar trend was observed in Fig. 8b , which shows typical cyclic voltammograms, obtained at S-β-CDCPE in solution mixtures of 1 × 10 −3 M AA and increasing (R 2 = 0.9955), as illustrated in Fig. 8c . Moreover, the calibration plots of DA in the absence of AA shows that the relationship between anodic peak current and concentration of DA is also linear between 5 × 10 . Therefore, the limit of detection (LOD) was calculated to be 1.33 × 10 −7 M, based on the 3S b /m formula [37] , where S b is the standard deviation of the blank response (for n = 3) and m is the slope of the linear calibration plot. This novel sensor possesses high sensitivity with wide linear dynamic range for DA detection and can be compared with other cyclodextrin-modified carbon-based electrodes reported in the literature for the electrochemical detection of DA (Table 1) .
Determination of DA in the Presence of AA and 5-HT at S-β-CDCPE
The development of a selective method for the detection of DA in cerebrospinal fluid is highly desirable for analytical applications and for diagnostic research [40, 41] . To mimic the extracellular space of the brain, aCSF was used instead of PB as supporting electrolyte solution. In addition, microelectrodes with diameter less than 250 μm were utilized, which consist of unmodified CPE or mS-β-CDCPE (working electrodes), Ag/AgCl wire (reference electrode), and Ag wire (counter electrode). These electrodes can be exploited for the in vivo electrochemical study of DA, as their robustness and microsize are suitable for implantation in brain tissue. [42, 43] , demonstrating that bare electrodes cannot be used for the simultaneous electrochemical detection of DA, AA, and 5-HT. On the other hand, the oxidation peak potentials of AA, DA, and 5-HT at the mS-β-CDCPE (Fig. 10, trace b) are completely resolved into three well-defined peaks, located at 0.113, 0.274, and 0.371 V (vs. Ag/AgCl), respectively. The peak separations AA/DA, DA/5-HT, and AA/5-HT were 0.161, 0.101, and 0.258 V, respectively, allowing the simultaneous determination of the three analytes. The shift of DA peak potential to the right at mS-β-CDCPE with respect to the overlapping peak potential of AA and DA at the unmodified CPE may be associated with the size of the sensor and/or the nature of the technique employed. By increasing the accumulation time (ca. 2 min) in the DPV mode, both analytes may have their respective peak potentials shifted to the left with mS-β-CDCPE versus unmodified CPE. It is worth noting that the oxidation potential of AA, DA, and 5-HT are effectively separated at the corresponding macroscale electrode (see supplementary material Fig. S11 ). The modified microelectrode was next utilized to obtain DA calibration curves in the presence of the interfering species AA and 5-HT. Figure 11 As discussed previously, the separation of the peak potentials between AA and DA observed at the modified electrode is primarily based on the difference in the charge carried by these species. At physiological pH, AA is mainly anionic whereas DA is cationic. Since 5-HT (pK a = 9.8) is also cationic, it should be electrostatically attracted to the sulfate groups and may form an inclusion complex with S-β-CD. This would suggest a competitive adsorption between DA and 5-HT at the modified electrode surface, as reported elsewhere [44] . The indole moiety of 5-HT may provide a relatively greater affinity with S-β-CD cavity compared to benzene moiety of DA. 
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Conclusions
A novel and simple way for quantifying DA, using S-β-CDCPE, was presented in this study. The results have demonstrated that S-β-CDCPE exhibit a 10-fold increase in oxidation current response for DA when compared to the unmodified CPE. The limit of detection obtained was 1.33 × 10 −7 M, with the returned increase of the oxidation peak current intensity attributed to the pre-concentration of the DA at the electrode surface due to the interaction with S-β-CD. The optimal sensor design was made by impregnating 0.545 g S-β-CD in a carbon paste containing 0.71 g graphite and 200 μL silicone oil. The mechanism of sensing has been determined to be a combination of host-guest and electrostatic interactions. The electrochemical behavior of the modified electrode is strongly dependent on solution pH, with an almost Nernstian response. The mechanism diagnosis of DA oxidation at S-β-CDCPE reveals that the electron transfer was under adsorption-control. On the other hand, the miniaturized S-β-CDCPE has the ability to separate the anodic oxidation peak potentials of AA, DA, and 5-HT in aCSF with a well-defined peak separation and a strong current response. Our goal in the future work is to employ the developed sensor for the electrochemical detection of DA in rat brain.
